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Abstract. Results on pp, π+π+, and π−π− intensity interferometry are reported for collisions of Ar+KCl
at 1.76A GeV beam energy, studied with the High Acceptance Di-Electron Spectrometer (HADES) at
SIS18/GSI. The experimental correlation functions as a function of the relative momentum are compared
to model calculations allowing the determination of the space-time extent of the corresponding emission
sources. The ππ source radii are found signiﬁcantly larger than the pp emission radius. The present radii
do well complement the beam-energy dependences of Gaussian source radii of the collision system of size
A + A  40 + 40. The pp source radius at ﬁxed beam energy is found to increase linearly with the cube
root of the number of participants. From this trend, a lower limit of the pp correlation radius is deduced.
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1 Introduction
Two-particle intensity interferometry of hadrons is widely
used to study the spatio-temporal size, shape and evolu-
tion of their source created in heavy-ion collisions or other
reactions involving hadrons (for a review see ref. [1]). The
technique, pioneered by Hanbury Brown and Twiss [2] to
measure angular radii of stars, later on named HBT inter-
ferometry, is based on the quantum-statistical interference
of identical particles. Goldhaber et al. [3] ﬁrst applied in-
tensity interferometry to hadrons. In heavy-ion collisions,
the intensity interferometry does not allow to measure di-
rectly the reaction volume, as the emission sources, chang-
ing in shape and size in the course of the collision, may
be aﬀected by density and temperature gradients and dy-
namically generated space-momentum correlations (e.g.,
radial expansion after the compression phase). Thus, in-
tensity interferometry generally does not yield the proper
source size, but rather an eﬀective “length of homogene-
ity” [1]. It describes source volumes in which particle pairs
are close in momentum, so that they are correlated as a
consequence of their quantum statistics or due to their
two-body interaction. At intermediate energies, various
emission processes cause a broad band of origins of the
measured particles. Therefore, the intensity interferome-
try may provide additional information to the understand-
ing of reaction mechanisms which ﬁnally determine the
particle emission sources. To obtain a reasonable picture
of the complex heavy-ion collision the usage of diﬀerent
particle probes is mandatory. In general, the sign and
strength of the correlation is aﬀected by i) the strong in-
teraction, ii) the Coulomb interaction if charged particles
are involved, and iii) the quantum statistics in the case of
identical particles (Pauli suppression for fermions, Bose-
Einstein enhancement for bosons). Their interplay leads,
for example, to rather complex pp correlation functions,
with a characteristic dip+peak shape [4], showing a sup-
pression at very low relative momenta (owing to items ii)
and iii)) followed by a maximum that results from the
short-range attractive strong interaction. In the case of
ππ correlations, the mutual strong interaction appears to
be minor [5] compared to the eﬀects ii) and iii).
In this article we report on the investigation of
pp, π+π+ and π−π− correlations at low relative mo-
menta in collisions of Ar+KCl at a beam kinetic energy
of 1.76AGeV. (A corresponding Λp-correlation analysis
for the same experiment has already been presented in
ref. [6].) In sect. 2 we shortly describe the experiment.
In sect. 3 we deﬁne the correlation function and discuss
possible distortions to it. In sect. 4 we present the emis-
sion source radii resulting from the correlation analysis
and compare them to the ﬁndings of other experiments.
Finally, we summarize our results in sect. 5.
2 The experiment
The experiment was performed with the High Acceptance
Di-Electron Spectrometer (HADES) at the Schwerionen-
a e-mail: kotte@fzd.de
† Deceased.
synchrotron SIS18 at GSI, Darmstadt. HADES, although
primarily designed to measure di-electrons [7], oﬀers ex-
cellent hadron identiﬁcation capabilities [8–12] allowing
for a profound proton and pion intensity interferometry.
A detailed description of the spectrometer is presented in
ref. [13]. In the following we summarize the main features
of the apparatus.
HADES consists of a 6-coil toroidal magnet centered
on the beam axis and six identical detection sections lo-
cated between the coils and covering polar angles from
18◦ to 85◦. The six sectors consisted of hadron blind
Ring-Imaging Cherenkov (RICH) detectors (not used for
the present investigation), four planes of Multi-wire Drift
Chambers (MDCs) for track reconstruction (with two op-
posite MDCs in the outermost plane not installed dur-
ing the present experiment), and two time-of-ﬂight walls
(TOF and TOFino), supplemented at forward polar angles
with Pre-Shower chambers. The TOF and TOFino+Pre-
Shower detectors were combined into a Multiplicity and
Electron Trigger Array (META). A reconstructed track in
the spectrometer is composed of straight inner and outer
track segments in the MDCs. The pointing vector of the
outer track segment is used for matching with a META
hit. Possible trajectories through two track segments are
combined to track candidates. A Runge-Kutta algorithm
allows to calculate the momentum of each track candidate
making use of the track deﬂection in the magnetic ﬁeld.
The quality of the META-hit matching and the Runge-
Kutta ﬁtting (characterized by χ2 values) is used to cre-
ate a list of ordered track candidates. The track candidate
with the lowest product of both χ2 values is selected as
the true track. Its components and associated track can-
didates are then deleted from the candidate list. This pro-
cedure is repeated until no track candidates are left in the
list. Particle identiﬁcation of π± and protons is based on
the correlation of their momenta and velocities. The par-
ticle velocity is determined by the time of ﬂight between
a diamond start detector and the hit on the META detec-
tors and by the reconstructed ﬂight path. At forward polar
angles, where the particle identiﬁcation suﬀers from mul-
tiple detector hits and poorer TOF resolution, in addition
the correlation of momentum and energy loss of the par-
ticle in the MDCs is taken into account. Graphical cuts in
the corresponding correlation plots are used to select the
diﬀerent particle species [8,12].
A 40Ar beam of about 106 particles per second with
kinetic energy of 1.76AGeV was incident on a four-fold
segmented target of natural KCl with a segment inter-
val of 8mm and a total thickness of 5mm correspond-
ing to 3.3% interaction length. The position resolution
(sigma) of the reaction vertex amounts to 0.3mm in both
transverse directions while in beam direction it amounts
to 1.5mm. The data readout was started by a ﬁrst-level
trigger (LVL1) decision, requiring a charged-particle mul-
tiplicity ≥ 16 in the TOF/TOFino detectors. The inte-
grated cross-section selected by this trigger comprises ap-
proximately the most central 35% of the total reaction
cross-section. About 700 million LVL1 events were pro-
cessed for the present investigation.
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In previous proton-proton correlation analyses of ex-
periments conducted by the FOPI collaboration [14–17]
an enhanced coincidence yield at very low relative an-
gles was observed. It was traced back to coincident signals
from neighbouring plastic scintillation strips of the time-
of-ﬂight wall which were generated by the same charged
particle. A similar double-counting eﬀect, either caused
by a slight geometrical overlap of the scintillators w.r.t.
the inclined track direction or by scattering of particles
from one to another strip, might be expected for HADES,
too. However, this disturbing yield is reduced strongly by
the requirement to match the particle hits on the META
detectors with the corresponding tracks derived from the
position information of the drift chambers. Remainders of
doubly counted scattered particles, possibly matched with
fake tracks, are eliminated by excluding close track pairs
appearing within an opening angle of less than 3◦ (5◦) for
proton (pion) pairs. This procedure takes also care of the
opposite eﬀect of a possible deﬁcit at low relative momenta
due to the ﬁnite capability of the detector and the corre-
sponding tracking software to resolve close tracks. The
same selection is applied to the uncorrelated background,
hence keeping the inﬂuence onto the correlation function
negligible (see sect. 3). The lower limits for the opening
angle have been chosen by compromising on the elimina-
tion of the detector bias at very low relative momenta and
on event statistics for the analysis of the correlation func-
tion. The cut was optimized by increasing the minimum
opening angle until the interesting region of the correla-
tion function, that is, the peak in the two-proton case,
showed no further distortion.
3 Correlation function
Generally, the two-particle correlation function is de-
ﬁned [1] as the ratio of the probability to measure simul-
taneously two particles with momenta p1 and p2 and the





Experimentally, this correlation function is calculated
from the ratio of true and background yields, Ytrue(p1,p2)
and Ymix(p1,p2), respectively, representing the sums over
all events and over all pairs satisfying certain conditions.
The uncorrelated background, denoted by the subscript
“mix”, is generated by event mixing, where particle 1 and
particle 2 were taken from diﬀerent events with reaction
vertices corresponding to the same target segment (de-
termined by the minimum distance to the next segment
center) and of the same multiplicity class. For a reasonable
classiﬁcation, the multiplicity distribution of charged par-
ticles (combining the information from the META detec-
tors and the inner two planes of drift chambers) is divided
into six intervals of 8 units each, and one almost empty
interval for multiplicities above 48 [8]. This choice guar-
antees that only events with comparable impact param-
eters are mixed. The six-dimensional correlation function









i and mi (i = 1, 2) are the total
energies and the rest masses of the particles composing
the pair, respectively. (We use units with h¯ = c = 1.)
Note that for two particles of equal mass, q is identical to
the magnitude of the single momenta in the rest frame of
the pair. Hence, the experimental correlation function is
given by
Cexp(q) = N Ytrue(q)
Ymix(q)
, (3)
where N is a normalization factor (see below).
In previous investigations [18,19] of central Au + Au
collisions between 100A and 400AMeV beam energy it
was found that the correlation function of pairs of inter-
mediate mass fragments is aﬀected by the collective di-
rected sideward ﬂow of nuclear matter. This preferential
emission of particles around the reaction plane may cause
an enhancement of correlations at low relative momenta.
The enhancement results from the creation of the reference
distribution if diﬀerently azimuthally oriented events are
mixed; it vanishes if the events are rotated into a unique
reaction plane, which usually is determined by the trans-
verse momentum analysis [20]. However, the technique of
event rotation could not be applied to the present data
due to the poor reaction-plane resolution limited by both,
the small number of charged particles produced in the
Ar+KCl collision and the limited fraction of observed par-
ticles (see sect. 4.1). On the other hand, the directed ﬂow
is known to be small for small systems [21]. Therefore,
such an azimuthal anisotropy is expected to be reﬂected
in the mixed q distribution only as slightly larger width
w.r.t. that of the true yield. Thus, instead of taking the
ratio of total true and mixed yields, the normalization fac-
tor N in eq. (3) is ﬁxed by the requirement C(q) → 1 at
relative momenta of q ∼ (80−100)MeV/c, where the cor-
relation function is expected to ﬂatten out at unity. The
statistical errors of C(q) are dominated by those of the
true yield, since the mixed yield is generated with much
higher statistics.
In case of pp correlations, where the source size is in-
versely correlated with the height of the correlation peak,
the purity of the proton sample of p = 0.95 ± 0.02 is
taken into account [6,8]. The feeding from weak decays
is neglected, considering that the mid-rapidity yield frac-
tion of protons from Λ decays amounts to 0.002 only [8,
22]. Hence, we correct the two-proton correlation function
according to C(q) = (Cexp(q)− 1)/2p + 1, where 2p is the
pair purity. The result of the correction is a decrease of
the pp source radius by about 0.1 fm. For π+π+ and π−π−
correlations, the pair impurity is covered by one of the ﬁt
parameters of the model correlation function (cf. sect. 4).
The inﬂuence of the ﬁnite momentum and position res-
olutions on the pp correlation function was determined
with GEANT [23] simulations using PLUTO [24] as event
generator. For a di-proton, decaying into two protons with
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relative momenta of q = 20MeV/c (corresponding to the
maximum of the pp correlation function), we found a
relative-momentum resolution of δq = (4±1)MeV/c. This
resolution is taken into account by convoluting a Gaus-
sian probability function of dispersion δq with the theo-
retical pp correlation function calculated with the Koonin
model [4]. The latter we will use to interpret the experi-
mental two-proton correlations. Considering the momen-
tum resolution leads to a decrease of the pp source radius
by about 0.2 fm (see sect. 4). A similar correction to the
two-pion correlation functions results in a slight increase
of the source radii by less than 0.1 fm.
4 Results
4.1 Inclusive phase-space distributions
Figure 1 shows the experimental phase-space distributions
of protons (top), π+ (center), and π− (bottom) mesons
in the plane of transverse momentum (pt) vs. rapidity
(y = tanh−1(p‖/E), where p‖ is the longitudinal mo-
mentum along the beam direction). The missing accep-
tances in the upper right corners of the ﬁgure panels result
from the upper momentum limits of the primary particle
identiﬁcation windows, i.e. 2.5, 1.95, and 2.2GeV/c for
p, π+, and π−, respectively [8]. Note that for negative
particles (the π−) a narrow band of reduced acceptance
appears, corresponding to those particles which are de-
ﬂected by the toroidal magnetic ﬁeld outwards into the
gap between the two diﬀerent systems of time-of-ﬂight de-
tectors (where the inner one, TOFino, is arranged behind
the outer one, TOF). Here we emphasize the large ac-
ceptance of the HADES spectrometer which covers large
parts of the phase space populated by the pions. On av-
erage, HADES detects about 12 protons, 1.7 π+, and 2.1
π− mesons per LVL1 event, representing about 54%, 56%,
and 54% of the corresponding total yields, respectively [8,
25]. While pions show broad distributions centered around
mid-rapidity, ycm = 0.858, the protons entering the corre-
lation analysis, as a result of the detector acceptance and
reconstruction eﬃciency, mostly originate from the region
between target rapidity and mid-rapidity.
4.2 Source radii for LVL1 events
The overall correlation functions are displayed in ﬁg. 2 to-
gether with the best ﬁts of the model correlation functions
(solid curves), using Koonin model [4] curves for pp corre-
lations and Gaussian functions for the quantum-statistical
part of the π+π+ and π−π− correlations,
Cqs(q) = 1 + e−R
2(2q)2 . (4)
The inﬂuence of the mutual Coulomb interaction is sep-
arated from the two-pion correlation functions by includ-
ing in the ﬁts the state-of-the-art Coulomb correction by
Sinyukov et al. [26],
C(q) = N
[































Fig. 1. Top: The distribution of single protons in the plane of
transverse momentum vs. rapidity. The curves represent con-
stant polar angles in the laboratory system of 15◦, 45◦, and
85◦ (from right to left). Center (bottom): The same, but for
π+ (π−) mesons.
Here, the ﬁnite-size Coulomb factor A˜c results from the in-
tegration of the two-pion Coulomb wave function squared
over a spherical Gaussian source of ﬁxed radius. The lat-
ter is iteratively approximated by the result of the cor-
responding ﬁt to the correlation function. The parame-
ters N and λ in (5) represent a normalization constant
and the fraction of femtoscopic pairs, respectively. Non-
femtoscopic pairs consist of misidentiﬁed particles (about
5% [8]) and particles emitted too far from the source for
the correlation to be resolved experimentally, e.g. due to
feeding from η and weak decays (about 2% [22,27]). The
ﬁt results in λ = 0.45±0.01 (0.46±0.01) for π+π+ (π−π−)
correlations. Since, in the present paper, we concentrate
on source sizes, λ is not further discussed.
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Fig. 2. Top: The overall pp correlation function as function
of the invariant relative momentum. Error bars are statis-
tical only. The solid curve indicates a ﬁt with the Koonin
model [4], while the other curves are calculations involving
Gaussian source radii deviating from the best-ﬁt value by ±0.1
and ±0.3 fm. Center (bottom): The quantum-statistical part of
the overall π+π+ (π−π−) correlations. The solid curves display
model correlation functions (eq. (4)) with the given Gaussian
radii. The dashed and dash-dotted curves represent radii devi-
ating from the best-ﬁt value by −1 and +1 fm, respectively.
The best-ﬁt values of the Gaussian source radii and the
corresponding statistical and systematic errors are sum-
marized in table 1. The quadratically added systematic
errors mainly arise from the uncertainty of the close-track
correction by demanding a minimum opening angle, from
the uncertainty in the estimate of the relative-momentum
resolution, from the choice of the ﬁt range, and, for pp cor-
relations, from the uncertainty of the purity correction.
The pp source radius is found slightly larger than the
Λp correlation radius recently derived [6] from the same
data sample of Ar+KCl collisions and given in table 1, too.
Also, for pp correlations we ﬁnd some deﬁcit of the model
curves to describe the shape of the correlation function
Table 1. The overall Gaussian source radius R (in fm) and
its uncertainties, derived from ﬁtting the two-pion correla-
tion functions with function (5) and the two-proton correla-
tion function with the output of the Koonin model [4]. For
completeness, also the pΛ radius reported in [6] is given.
Particle pair pΛ pp π+π+ π−π−
ﬁt value 2.09 2.29 3.43 3.72








Fig. 3. The impact parameter b vs. multiplicity of charged par-
ticles in the HADES acceptance as derived from GEANT [23]
simulations using as event generator the UrQMD transport ap-
proach [28,29].
slightly beyond the maximum. This ﬁnding lets us argue
that the proton source density distribution is not really
spherical and of Gaussian shape as assumed in the model.
Obviously, the dynamics of heavy-ion collisions at ﬁnite
impact parameters leads to a temporal superposition of
quite complex spatial shapes [17].
The Gaussian source radii derived from two-pion cor-
relations are signiﬁcantly larger than the radius obtained
from pp correlations, potentially due to diﬀerent emission
durations. As these radii represent eﬀective source exten-
sions they comprise the temporal duration besides the spa-
tial dimension (see sect. 4.4).
4.3 Centrality dependence
In a next step we studied the centrality dependence of
pp and ππ correlation radii. For that purpose, ﬁve con-
secutive intervals of charged-particle multiplicity (≤ 16,
17–25, 26–34, 35–43, ≥ 44) carrying suﬃcient statistics
are selected and translated into impact parameter regions
using GEANT simulations with the UrQMD [28,29] trans-
port approach as event generator (see ﬁg. 3). The average
value and the width of the corresponding impact param-
eter distribution amount to 3.5 and 1.5 fm, respectively.



























Fig. 4. The centrality dependence of the Gaussian source ra-
dius from pp (top), π+π+ (center), and π−π− (bottom) corre-
lations. The impact parameter range is calculated from consec-
utive multiplicity intervals, mapped on the impact parameter
by the UrQMD transport approach (cf. ﬁg. 3). The vertical
error bars are statistical, while the horizontal ones represent
the 1σ spread of the impact parameter distribution for the
corresponding multiplicity windows. The upper abscissa shows
the corresponding number of participants, calculated with a
geometrical model of penetrating sharp spheres.
The corresponding mean number of participants resulting
from calculations with a geometrical model of penetrating
sharp spheres [30] amounts to Apart = 38.5± 2.5 [25].
The result is displayed in ﬁg. 4. For all three correla-
tions an explicit trend of decreasing source radii with in-
creasing impact parameter is evident, indicating the posi-
tive correlation of the source size with the overlap volume
of the colliding nuclei. Note, however, that the magnitude
of this variation is small. It amounts only to a few tenths
of a femtometer. For small impact parameters a satura-
tion of the emission source radii is observed. One may
argue in fact that, by selecting very large multiplicities of
charged particles, no further increase of the centrality can
be achieved for small collision systems such as Ar+KCl
due to the poor correlation of the impact parameter and
multiplicity (cf. ﬁg. 3).
4.4 Comparison to other experiments
The present emission source sizes may be compared to
the data obtained by other experiments. In ﬁg. 5 we show
an excitation function of pp and π−π− (Gaussian) source
radii from central heavy-ion collisions of various systems.
Typically, the event selection comprises the most central
10 to 20% of the total cross-section for large and small sys-
tem sizes, respectively. To allow for a reliable comparison
with our data, we choose (by interpolation) the correla-
tion radii corresponding to a mean impact parameter of
about 2.5 fm, that is, for a centrality of about 20%. To
guide the eye and for the purpose of interpolation (see
below), the source radii for symmetric systems of masses
of A + A  40 + 40, 100 + 100, and 200 + 200, respec-
tively, are connected by dashed curves, which are derived
from linear regressions to the corresponding data. The
present HADES data (full red circles) do indeed well com-
plement the beam energy dependences of source radii for
mass 40 + 40 collision systems. For all system sizes and
both types of particle pairs the source radius decreases
with increasing beam energy. This shrinking of the appar-
ent source may be traced back to the following eﬀects.
At higher beam energies, when the heavy-ion collisions is
progressing faster, the contribution of the emission dura-
tion τ to the source extent is smaller. For ﬁnite values of
τ , the phase-space distribution of the emitted particles is
elongated in the direction of the pair velocity V, result-
ing in an eﬀective source radius R =
√
R20 + (V τ)2, where
R0 and V τ represent its spatial and temporal components,
respectively. For the reaction energies in the present inves-
tigation, these emission durations (sometimes called “life-
times”) are in the order of few fm/c [28,29]. Secondly, also
the collective (radial) expansion found in central heavy-
ion collisions becomes more pronounced with increasing
projectile energies. It is well known [1,31] that strong cor-
relations of coordinate and momentum space lead to a
reduction of the apparent source radius. However, small
collision systems like Ar+KCl exhibit only very small ra-
dial ﬂow [32]. Hence, we neglect its inﬂuence onto the cor-
relation function.
Taking interpolated values at 1.93AGeV following
from the three regression lines in the upper panel of ﬁg. 5
and the single data point of the pp source radius for
Ni+Ni taken at this beam energy, we investigated the sys-
tem size dependence of the pp source radius for a ﬁxed
beam energy. Figure 6 shows radii as a function of the
cube root of the number of participants A1/3part. Also here,
Apart follows from the geometrical model using the cor-
responding collision centralities and system sizes. Obvi-
ously, the pp radii exhibit a common trend. Following
the almost linear dependence down to Apart = 1, we
deduce a lower limit of the Gaussian pp correlation ra-
dius of about (0.36 ± 0.45) fm (statistical error given). A
very similar, almost linear, dependence on A1/3part was found
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Fig. 5. (Color online) Top: The Gaussian source radius as de-
rived from pp correlation functions in symmetric central heavy-
ion collisions as a function of beam energy. The full red cir-
cle represent the HADES data. The other symbols given in
the legend correspond to data of JINR [35], MSU [36], Plas-
tic Ball [37], FOPI [14–17], E895 [38,39]. The various dashed
curves are linear regressions to the data of the collision systems
with sizes of A + A  40 + 40, 100 + 100, and 200 + 200. Bot-
tom: The same, but for π−π− correlation radii and for collision
systems of size A+A  40+40 and 200+200 (also including a
few asymmetric systems). Further references: JINR [35], LBL
magnetic spectrometer [40], LBL streamer chamber [41], BNL
experiments E802 [42], E895 [43,39], E877 [44].
when interpreting the Λp correlation radius which we de-
rived recently for the same collision system, Ar+KCl at
1.76AGeV [6]. That dependence would give a minimum
Gaussian radius of (0.77 ± 0.24) fm at Apart = 1. This
trend is not only found for pp and Λp correlations. Also
for two-pion [1,33] and two-kaon [34] correlation radii de-
rived from relativistic heavy-ion collisions such linear de-
pendences with small intercepts have been reported.
5 Summary
Correlations at small relative momenta of pairs of pro-
tons, π+ and π− mesons in central collisions of Ar+KCl
at 1.76AGeV have been investigated with the large-
acceptance spectrometer HADES. New results have been
presented on the eﬀective space-time extent of the proton
Fig. 6. The Gaussian source radius taken at 1.93AGeV from
the excitation functions of the pp source radius (ﬁg. 5, upper
panel) vs. the cube root of the number of participating nucleons
(full circles). The solid line is a linear regression to the data
points. The dotted line is its extrapolation to small numbers of
participants. The dashed line represents a similar dependence,
but for Λp correlation radii [6].
and pion emission sources. Pions have been found to be
emitted from apparently more extended sources than pro-
tons which, in turn, arise from slightly larger homogene-
ity regions than that derived from Λp correlations. The
beam energy and system size dependences of the emission
sources have been studied. The present pp and ππ source
radii do well complement existing data trends in the SIS
energy range. The pp source radius at ﬁxed beam energy
has been found to increase with A1/3part. This ﬁnding points
to a strong correlation of the emission source size with
the overlap geometry. A lower limit of the pp correlation
radius has been deduced from the extrapolation of this de-
pendence down to the minimum number of participants.
Both proton and pion source sizes clearly decrease with
increasing impact parameter, further indicating a positive
correlation of the correlation volume with the overlap vol-
ume of the colliding nuclei.
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